The experimental techniques and the prediction procedures for the determination or evaluation of the vapor pressure of environmentally relevant organic compounds are described; with 259 references examined. For each of them the characteristics of precision and accuracy are given, when available from the literature. The experimental methods are classified as "direct" and "indirect." The first class includes all those which can measure directly the vapor pressure, while the second concerns those which need "known" vapor pressures of reference compounds for the calibration. Prediction methods are based on the application of the Clapeyron-Clausius equation or on the quantitative structure-property relationships. Also correlation methods require a suitable calibration. The vapor pressures at ambient temperature for several polycyclic aromatic hydrocarbons, polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins and furans, selected pesticides, and some reference compounds are tabulated together with the vapor pressure equations and the enthalpy values in the temperature range of measurement. A critical comparison, based on a statistical analysis of the data obtained with different methods and derived from 152 references, is also carried out.
Introduction
189 chemicals is one of the most important tasks for environmen~ 189 tal scientists. To simulate the behavior of chemicals in the 190 environment, much effort is being directed towards develop~ ing models based on their physical and chemical properties, the biotic and abiotic degradation processes and the charac~ teristics of the environmental compartments. As a matter of 162 fact, the distribution of a chemical between air, water, sediment/soil is largely dependent on some key eqUilibrium 166 parameters which include vapor pressure (P), water solubility (S), distribution coefficients for adsorption or desorption 173 on soil/sediment (K p or K d), partition -coefficients (octanoV [water) (Kow) , and Henry's law constant (HLC or H). [1] [2] [3] [4] [5] [6] Vapor pressure and water solubility are the fundamental parameters, because all others can be derived from them using suitable correlation equations 7 -10 and both can be combined to calculate H(H= PIS). The vapor pressure, P (Pa), of a substance in equilibrium with its liquid or solid, phase at a given temperature can be regarded as a measurement of the maximum achievable amount or solubility of the substance in the vapor or air phase, the corresponding concentration being obtained from the gas law as PIRT (mol m-3 ), where R is the gas constant (8.314510 J mol-1 K- 1 ) and T is the absolute temperature (K).l1 Vapor pressure influences the volatility of a chemical from various substrates 12 -16 and, therefore, will determine the evaporation from workplaces and disposal sites. It governs, through the Henry's law constant, the exchange rate of a chemical across an air-water interface 17 -22 and the volatilization from aquatic systems,23-28 from soilS,29-37 and from plants 38 - 40 and the transport of trace organics throughout the global environment. 41 It also controls the adsorption of organics to airborne particulate matter (less volatile compounds are preferentially adsorbed),42-45 the removal of this matter from the atmosphere by rainfall and dry depOSition, and the atmospheric residential times. 46 -49 As far as the volatility of chemicals from water systems is concerned, it has been pointed out that also compounds of high molecular weight and low vapor pressure (polychlorinated biphenyls-PCBs~ DDT) can volatilize at an appreciable rate because they have remarkably high activity coefficients in water, which cause unexpectedly high equilibrium vapor pressure. 41 Many experimental techniques for the determination of the vapor pressure are described in the literature, but no single method is applicable for the entire vapor pressure range of environmentally significant compounds (~10 5 to 10-6 Pa).50 Also it has been observed 51 ,52 that sometimes wide variations exist in the data reported by different authors for the same low vapor pressure compound. This suggests the need for determining vapor pressure by standard procednres.
In this paper the experimental and prediction procedures for the determination or evaluation of the vapor pressure of several organic compounds are reviewed. The vapor pressure data at ambient temperature are collected and compared with the aim of evaluating the performances of the various methods. They are only those reported in the original sources. Also the entropy of sublimation or vaporization in the range of measurement is given, when available from the literature.
The selected compounds are restricted to those belonging to few classes: PCBs, polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins and furans (PCDDs, PCDFs), and pesticides. Furthermore, among these classes, only the compounds of low-vapor-pressure are selected, for which a number of data sufficient to allow a reasonable comparison and some details concerning the method of determination are available. Due to these limitations the number of compounds taken into consideration for each class J. Phys. Chern. Ref. Data, Vol. 26, No.1, 1997 is much lower than that exi~ting in the technical manuals or in the specific literature, which can be' consulted by the reader interested in their use. 53 -58
Experimental Methods
The experimental methods are sometimes classified a "static" or "dynamic.,,59-61 The static methods measure di recdy the pressure exerted by the vapor in equilibrium witt the liquid or the solid under examination, while with the dynamic methods a sample of saturated vapor is removed and the vapor concentration is determined. 59 However these terms are often confusing or used incorrectly;61 thus it has been preferred here to classify the methods used for environmental contaminants simply into "direct experimental," "indirect experimental," and "prediction" methods.
The first. class includes all the methods which are used to measure directly the vapor pressure or another parameter related to it, while the second and the third class methods need a series of known vapor pressures for the calibration.
Direct Experimental Methods
"Gas saturation" and "effusion" are generally considered the most accurate direct experimental methods for vapor pressures lower than ~ 1 Pa. 62 Both are recommended by the Organization for Economic Cooperation and Development (OECD )63 but only the first by the Environmental Protection Agency (EPA).64
Manometric Methods
These methods measure directly the pressure exerted by the vapor in equilibrium with the test compound in the liquid or solid phase. 60 ,61 They are sensitive to the presence of impurities in the sample.
In the simplest devices the substance is placed in a thermostated cell under vacuum and the pressure is measured with a ~uitable device (mercury manometer, or Pirani gauge, Bourdon gauge, McLeod gauge, "Alphatron," thermocouple gauge, etc.). Zabe1 65 measured the vapor pressure of di-nbutyl phthalate at 25°C with an ionization gauge.
Some of these gauges are equipped with pressure sensors which work as null-detectors, where the vapor pressure is balanced with a pressure of air. The vapor pressure of naphthalene between 40 and 180°C has been measured with a high precision mercury manometer and a quartz helix gauge. 66 The samples were contained in a bulb connected to the quartz helix of a sensitivity of about 50 Torr for 100 degrees rotation. A mirror, lamp, and split photocell assembly on the helix enabled it to be used as a null-detector of better than 0.02 Torr (2.67 Pa) long-term sensitivity and stability. The precision of the measurement has been found better than 0,03 Torr (4.0 Pa) below 100 Torr (1.33 X 10 4 Pa) and 0.1 Torr (13.3 Pa) between 100 and 300 Torr (3.99X 10 4 Pa).
Other manometric systems can measure differential pressures using diaphragm sensors with a constant reference t>res~ure of 10- 4 Pa in one side, obtained by permanent pumping.
De Kruif et at. 67, 68 measured the vapor pressure of naphthalene between 273 and 385 K with a MKS Baratron capacitance manometer fitted with two sensor heads, which were designed for measurements up to 133 Pa and 133 kPa respectively. The measuring system was contained in an air thermostat. Temperature differences on essential parts were less than 0.01 K:The root-mean square deviation of the pressure was 0.4%. Ambrose et ai. 69 used the same apparatus fitted with a 10 Torr (1.33X 10 3 Pa) bakeable head. The pressure was read directly on a digital voltmeter recalibrated against an accurate mercury manometer. The sample was contained in a glass flask immersed in a water bath, the temperature of which was controlled within ::!: 0.03 K. The temperature of the gauge head was maintained within ± 0.01 K at approximately 373 K. Measurements on naphthalene were made between 264 and 343K. The estimated ranges of error were of ±2% for T>280 K and ±5% for T<280 K as root-meansquare deviation.
The vapor pressures of some polyaromatic hydrocarbons (PAR) 70, 71 were obtained with a Datametrix Barocel electronic manometer equiped with a wide range pressure sensor. The system was capable of measuring differential pressures ranging from 10-3 Torr (0.133 Pa) to 10 Torr (1.33X 10 3 Fa); The gauge output was connected to a digital voltmeter. The device resolution was 10-5 Torr (1.33X 10-3 Pa). The uncertrunty on the eqUilibrium temperature was ±0.02°C and on the pressure was estimated better than 2%.
Other authors 72, 73 measured vapor pressures of PAHs with a free inclined piston. This system consists of balancing the vapor pressure of the sample with the known weight of a free piston declined from the horizontal by a measured angle. The vapor pressure can be calculated from the area and weight of the piston, the angle of declination and the acceleration of gravity .
. The isoteniscope can be included in the class of nulldetectors and IS used especially with liquid substances. The experimental device is shown in the literature. 74 ,75 The vapor pressure of the substance contained into a side bulb is balanced with a pressure of air pumped in a second bulb. suitably joined with the first, containing another fraction of the same. substance. This second bulb is connected to a manometer and to a reservoir which allows changing of air pressure. The vapor pressure is measured when the levels of substance into the two bulbs are the same. Method errors of the order of ± 0.2 mm Hg (26.6 Pa) have been found.
Boiling Point at Reduced Pressures
These methods are based on the reading of the temperature at which the liquid substance boils at a definite pressure.
The boiling apparatus may consist of a glass boiler connected to a vapor column in which three thermocouples are located at differet heights to give some indication of the purity of the sample, the readings of the three thermocouples being identical for a pure substance. 76 ,77 The boiler is connected to a vacuum pump and to a system which allows admission of air or nitrogen at known pressure into the apparatus. The pressure is measured with a McLeod gauge 77 or with an oil manometer. 76 Initially, _ the sample is degassed and the temperature of the boiler is increased until vapors rise in the boiling-point tube; the presence of vapors causes the thermocouple system to indicate increases of temperature. Then air or nitrogen is admitted until pressure has reached a selected value. The pressure is held at this value until the temperature reaches a steady state; this temperature is regarded as the boiling point of the liquid at the selected pressure. This process can be repeated after increasing the air pressure~ It is also possible to begin the process from high values of pressure decreasing it step by step with a vacuum pump.
The McLeod gauge may be constructed 77 to measure pressures between 0.001 and 4.840 mm Hg (0.133 and 6.45 x 10 2 Pa) with an accuracy of ±O.OOI mm ofHg (0.133 Pa). The precision of temperature reading was ± O.2°C.
A similar apparatus was buile 8 to obtain vapor pressure data for high boiling hydrocarbons; it could measure. boiling points at absolute pressures ranging from about 0.1 mm Hg (13.3 Pa) to atmospheric pressure.
The vapor pressure of butyl phthalate and other commercial high boiling solvents has been determined in the region 20°C to 150°C 79 by the Ramsay and Young's method 61 which uses a very simple boiler with a mercury manometer.
In comparative ebulliometry, the condensing temperature of the substance under study and of a reference material are measured when the two liquids are boiling at the same pressure under a common helium atmosphere. Boiling-point equipment, based on comparative. ebulliometry has. been used for the determination of the vapor pressure of naphthalene at values above 10 kPa 80 and 4 kPa. 81 The tensimeters are employed for the determination of very low vapor pressures of gasolines and heavy lubricating oils. 82, 83 The tensimeter-hypsometer is a well-insulaled, shOlt, wide boiler connected with a water-jacketed condenser and equipped with a mercury manometer;61 it can measure pressure ranging from 0.03 t04 mm of Hg (4.0 to 5.33)( 10 2 Pa) with an oil manometer. 84 In operation, the liquid under study is boiled with various pressures of residual air or inert gas.
The pendulum tensimeter consists in a boiler having an orifice, which can be closed with a duralumin disk suspended by a duralumin wire. 61 The entire apparatus is submerged in a heating bath and is connected to a vacuum system capable of mantaining a pressure of 0.( p.,m (1.33X 10-2 Pa), as _measured by· a Pirani or similar vacuum gauge. Initially the apparatus is rotated until the disk just closes· the orifice. When the thermic equilibrium is reached, the vapor blows the disk· away from the orifice. The· apparatus is then rotated until the orifice is again closed. The vapor pressure can be calculated from the weight of the pendulum, the diameter of the hole and the rotation angle of the pendulum. This system was used for the determination of the vapor pressure of dibutyl phthalate and other non-volatile compounds. 84 -86 A method based on kinetic theory principles has been developed, whereby the slope of the vapor pressuretemperature curve of a liquid can be obtained at 25°C when the vapor pressure is of the order of 10-7 mm of Hg (1.33X 10-5 Pa) at this temperature. 87 A simple apparatus consisting of a boiler, slit system, and target is used to determine the dew point of the material under high vacuum. About 5 cm 3 0f degassed oil (butyl phthalate and others) is placed in the boiler and the whole apparatus placed in a vacuum chamber in such a way that the target can be readily seen. When the vacuum is somewhat below 10-4 mm Hg (1.33X 10-2 Pa), the boiler temperature is slowly raised until a spot is seen on the target. By prupt:r iiujustlllent of the boiler temperature, a balance point is reached such that the spot formed by the dew remains constant in intensity and distribution. Prom the temperature of this dew point the slope can be calculated directly. If, in addition, a single value is known by other methods for the vapor pressure in the region of 10-3 mm Hg (0.133 Pa), then the value at ')5 0c: is easily found. The results are believed to be accurate to 30%.
This method in a different version was used to extend measurements of vapor pressure to temperatures above room temperature. 83 However, it was found that vapor pressures above approximately 200 J1-m (26.7 Pa) could not be determined with this instrument. Hence, it was still necessary to employ a tensimeter for determination of higher vapor pressures.
The boiling point of liquids with moderately high vapor pressures (> 1 mm Hg or 133.3 Pa) at different pressures may be measured by differential thermal analysis. 59 This method requires a small amount of sample (10 J1-liters) and the measurement is rapid. The apparatus consists of a heating block with two wells into which thermocouples, and associated instrumentation for sensitive determination of temperature difference between the two thermocouples are inserted.
A bell jar over the block controls the pressure in the system. Thin-walled glass tubes are loaded with micro glass beads and placed in the block. The liquid unc1eT examination is injected into one tube and the thermocouples are inserted. After the pressure in the system is stabilized, the heating cycle is begun. and when the boiling point of the liquid is reached, vaporization prevents any further temperature rise in one tube; hence, the difference in temperature which develops is recorded on the graph by the machine. By raising the pressure in the bell jar the boiling is quenched, thus permitting several boiling point temperature measurements to be made on a single sample. The accuracy is better than 10 or 20% in most cases. Boiling point determinations are very inaccurate at lower vapor pressures and provide inaccurate estimates of the vapor pressure at ambient temperatures if a change of state or a transition temperature occurs between the boiling temperature and ambient temperature. 62 . The effusion methods, in their original versions, determine the vapor pressure at constant temperature of a single com pound, from the measurement of the weight loss through ;\ small orifice into a vacuum (typically 10-4 Pa).
The Knudsen effusion cell'consists, essentially, of a cell having a small orifice of known diameter and immersed in a container connected to a high-vacuum system. The cell is weighed at the beginning of the experiment and at time in· tervals with a balance, which can be external or internal (see the references in Tables 1, 2, 5) to the apparatus. Alternatively, the vapor can be condensed on a liquid nitrogen cooled cold finger 88 ,89 or on a surface cooled by dry iceacetone or liquid nitrogen placed above the orifice,59,86 removed, and analyzed. The vapor pressure can be calculated from the equation
where P is the vapor pressure; W the weight loss over a corresponding time t, A the area of the orifice, R the gas constant, T the absolute temperature, M the molecular weight of the effusing species, and K the Clausing factor, depending on the orifkt: uialIl~ttl, which represents the probability of effusion through the orifice for a given molecule.
In the torsion-effusion method, the cell consists of two spheres having one hole each in opposite positions and suspended from a thin long quartz,90 phosphor-bronze 91 ,92 or tungsten 93 -95 wire. The effusion of the vapor through the two orifices exerts a torque which is direc1y proportional to the vapor pressure. 90 -93 A trap cooled with liquid nitrogen or CO 2 -acetone mixture may ensure rapid passage of vapors away from the holes and protects the vacuum from vapors. 90 The sensitivity depends on the size and position of the holes and the stiffness of the suspension. At each temperature the pressure in the effusion cell can be determined by its torsion angle, a, from the relation
where K is the torsion constant; at. a2, 11' and 12 are the areas of the effusion orifices and their distances from the rotation axis, respectively; and 11 and 12 are the corresponding geometrical factors.
Some authors 91 ,92 used an apparatus in which torsi un iiIlU weighing were combined.
In these methods it is assumed that the number of molecules exiting from the small hole under vacuum depends only on the size of the orifice and on the saturation vapor pressure. 88 ,95,96 They can be affected by systematic errors, which depend on the orifice area, temperature, or impurities. 59 ,97 However, when the vapors are condensed and collected for analysis, impurities can be "ignored" by appropriate choice of analytical method. 59 Effusion methods allow measurement of vapor pressures down to 10-3 Pa without great difficulty,98 but are considered accurate for vapor pressures in the range between 10-1 and 10-5 Pa,59,99 with a minimum measurable value of 7XI0-4 Pa 90 or a resolution of 10--4 Pa.92 The repro-ducibility was :!:10% at 2xIO-3 Pa, :!:2% between 2XIO-2 and 1Pa,97 ± 1 % between 2 and 24 l>a. 100
Gas Saturation
The gas saturation (OS) method, also termed the "transpiration method," is generally used in the ambient temperature range. It was proposed by Regnault in 1845 61 and then by Spencer and Cliath. 101 Analogous techniques were proposed to measure water solubilities and octanollwater partition coefficients of chemicals. 102
It is based on the production of a saturated vapor phase by passing an inert gas, air, nitrogen, or oxygen (when a combustion procedure of analysis has to be used) through a thermostated column packed with the powdered compound 103 ,l04 or with an analyte-coated inert support. The saturation pressure of the substance is represented by its partial vapor pressure. Usually, the vapor is collected on liquid or solid traps and the substance is determined by suitable means. For pressures on the order of 10-4 to 10-.5 mm Hg (1.33X 10-2 to 1.33 X 10-3 Pa), the amount of substance transferred, assuming an average molecular weight of 250, is in the order of 10-6 gil' carrier gas. 105
The support may be quartz sand,38.62.106-108 various size glass beads,50,99,109-114 celite,105 or a glass wool plug moistened with the liquid sample. 115
The treated support is prepared by adding an amount of 0.4-3% in weight of the compound of interest dissolved in a volatile solvent. The solvent is slowly stripped off on a rotary evaporator using a heating bath.
Flow rates of the inert gas through the column must be such to ensure saturation with the compound of interest. Values up to 50 ml/min or higher 104 ,106,116 have been employed.
Sonnefeld et ai. 5o pointed out that the flow rate will be dependent upon the generator column dimensions, the surface area of the analyte coated support, and the kinetic parameters of sublimation for the individual compounds of interest. Therefore residence times of the inert gas in the saturator may be of the order of 30-40 min 62 ,114 or much less. It has been found that only a 30-s residence time is necessary for anthracene at 25°C 50 Normally, the vapor transported by the inert gas is trapped on a solid adsorbent, such as Florisil, 30, 109, 114, 1I8 active carbon, 108.119 polyurethane foam, 38, 48, 51, 113, 120 Tenax, 110, 121 porous octadecylsilane, 50, 102 Amberlite XAD-2· or Chromosorb-lO 1. 112 Sometimes liquid traps, such as hexane,106 ethylene glycol,101,107 ethyl alcohol,115 or cold traps50,99,102,1l6 are used.
The volume of the inert gas passed through the saturator is measured by a suitable flow meter, after leaving the condensation trap. and corrected for any temperature and pressure differences between the saturator and the flow meter and, if liquid traps are used, for the net volume of trapping solvent added to the inert gas. lOI The final determination of the analyte can be obtained by:
(a) loss in weight of the saturation tube; 103 (b) increase of weight of the condensation trap;122 (c) weighing the compound condensed on a cold trap;116 (d) UV spectrophotometric measurement of the compound in a liquid trap; 106,115 (e) combustion of the analyte and determination of the CO 2 produced by an IR analyzer;104,123,124 (f) combustion of the an alyte , adsorption on P 2 0 5 and CaCl 2 of the produced CO 2 and water, and their determination by weight; 125 (g) decomposition of chlorinated compounds in alkali and detennination of the produced HCl by potentiometric titration; 126 (h) collection of the 14C-Iabeled compound on a solid trap, elution and determination by liquid scintillation counting; 113 (i) collection of the 14C-Iabeled compound on charcoal tubes, combustion of the tubes, and determination of the produced 14C02 by liquid scintillation counting; 108 (j) collection of the 14C-labeled compound on a solid trap, elution, combustion, and detemination of the produced CO 2 by liquid scintillation counting;1I9 (k) collection of the analyte on liquid or solid traps, liquidliquid extraction or elution, and determination by GC or HPLC (see the references in Tables 1-5).
The advantages of the chromatographic techniques over the others consist in eliminating any effect of impurities and allowing simultaneous measurements on many test compounds.
Some authors used an apparatus in which the two stages of saturation and analysis are combined. The chromatographic column acts as a trap at ambient te.mperature 127 ,128 or is cooled with solid carbon dioxide above the level of connection with the apparatus;105 then, when the collection is complete, the column is isolated from the gas saturation apparatus and heated to a temperature appropriate for the OC analysis 127 or disconnected and transferred to the gas chromatograph for the same purpose.10 5 ,128 A "continuous" method has also been proposed;127,129 an empty tube at elevated temperature replaces the packed column, the detector output corresponds to the total vapor content of the gas ~tream. Bhagat l30 has recently described a simple technique to estimate the vapor pressure of phosphate esters, in which saturation and gas chromatography seem to be combined in the same column. This technique has been used for the determination of the enthalpy of vaporization, by depositing the compound on a chromatographic support and measuring the temperature dependence of the bleeding of the material at a fixed flow rate of the carrier gas with a flame ionization detector. Using these enthalpy of vaporization data and those of ~tandard compounds, the. vapor pressnre can he determined on the basis of the Clausius-Clapeyron equation.
The vapor pressure, P, in OS methods can be calculated from vapor density with the following equation as methods show normally relative standard deviations between ± 0.5 % and ± 18% in the range of vapor pressure of 10-8 -1 0 4 Pa and in the range of temperature of 10-200 °C. 50 ,62,1l2,1l5,126,128,131 A 9% measurement error has been calculated with the error propagation rule. SO , 102 The method precision, expressed as two times the standard deviation from the mean value at' the 95% confidence limit, was ± 2 % and ± 3 % for lindane 132 and triallate,133 respectively and between ± 5% and ± 10% for ethyl and methyl parathion at various temperatures. 51 A standard error of 5.2% has been found in the determination of the vapor pressure of 2,3,7,8-TCDD. 119 The technique has been used also for the determination of the vapor density of pesticide-soil systems. 62 The solid sup~ port was substituted with autoclaved soil and the vapor densities of dieldrin,35,101 lindan,33 trifturalin,34 DDT and related compounds 134 were measured as a function of the pesticide concentration, temperature, water content in soil and properties of soil.
Partition Coefficient
This method can be applied to water solutions of compounds of very low solubility (less than 10 ppm).46
Air is passed through contact bubblers containing an aqueous solution of the compound (a pesticide labeled with 14C) under examination and, then, through two Arnold absorption bulbs in series containing a xylene-based scintillator solution, where the compound is trapped. At the end of the experiment the concentrations of compound in the gas phase and in the aqueous solution are measured by liquid scintillation counting.
The partition coefficient (p) is defined as p = ( concentration of pesticide/cm 3 aqueous phase) I ( concentration of pesticide/cm3 air)
where eland c 2 are the pesticide concentrations (counts min -1 em -3 ) at the start and at the end of the experiment respectively; V is the volume of air passed (cm 3 ); and A is the pesticide collected in the Arnold bulbs (counts min -1 ) .
Several determinations are carried out at 20 ° C over a range of concentrations from very dilute to saturated solu-tion~ containing a suspension of the solid material. The plot of the partition coefficient versus concentration shows a constant value of the partition coefficient over a range of concentration of several orders of magnitude and then a sharp rise in the apparent value at the point of saturation. tion from the straight line occurs, while the vapor pressure can be calculated from the values of the partition coefficient and the solubility using the expression p = (S X 10-6 X 760X 22400 X 293)/( VP X M X 273),
where p is the partition coefficient at 20 ° C; V P is the saturation vapor pressure (mm Hg) at 20 °C; M is the molecular weight; and S is the solubility (ppm) at 20 ° C.
Other Methods
Some other methods have been proposed for the determination of low vapor pressures of chemicals. They can be summarized as follows:
(1) SXH. Vapor pressure (P) and solubility (S) in water are related through the Henry's law constant (H); therefore P can be calculated by the know ledge of Sand H. This procedure has been used to obtain the vapor pressure at 25 °C of some PCB congeners135 as solids, which are then converted into subcoo1cd liquids. H has been measured by the gas purging technique I02 and S by the column generation technique 136 ,137 which are considered both very accurate. A comparison of the data for subcooled liquids with the literature data, predicted 138 or experimental,139,140 has shown a general agreement, except that for hexachlorobiphenyls.
A similar procedure has been proposed by Mackay et al. 141 Vapor pressures of three P AHs and biphenyl can be calculated from the S values determined by the shake flask -fluorescence method 142 and H values determined by the batch stripping method. 141 J. Phys. Chern. Ref. Data, Vol. 26, No. 1, 1997 (2) Measurement of the vapor in the head space in equilibrium with an excess of ArocIor mixture dissolved in water. 140 This system, termed "Equilibration Technique" has been used to measure by gas chromatography both vapor pressure and solubility in water at room temperature of the single compounds in the Arochlor mixture (1242, 1254, or 1260) at equilibrium in a closed bottle. It allows one to calculate H for each compound in the mixtures and S, P, and H for each mixture.
(3) Measurement of the vapor viscosity. 143 The apparatus has also been termed vibration gauge. l44 It is based on the principle that the vibration of a A shaped fine quartz fiber 143 or a 10-cm strip of molybdenum l44 is proportional to the vapor pressure inside a measurement cell. This system must be calibrated with an absolute manometer. It has been used to measure vapor pressures of the order of 10-3 -10-4 mm Hg (0.133-1.33X 10-2 Pa).
(4) Measurement of the fluorescence of the vapor, which is proportional to the vapor pressure. 145 It has been used for some PAHs.
(5) Measurement of the concentration in the head space which is proportional to the vapor pressure. 146 The vapor in equilibrium with the condensed phase is collected, .dissolved in hexane and analyzed by IR or UV spectroscopy. It has been used for biphenyl, naphthalene, and other compounds.
(6) Application of diffusion law to the determination of the vapor pressure of some pesticides. 147 This simple method is based on the determination of the diffusion -rate of the test compound (Lindane and Dieldrin) from the bottom of a Sovirel flask to the top, where a filter paper soaked with oil is placed. The content of the test compound in oil is determined at time intervals and plotted as a function of time. From the slope of the curve, the diffusion coefficient, and the height of the flask, it is possible to obtain the vapor density and, then, the vapor pressure. The relative standard deviation of the measurements is 10-15%. (7) Application of a Bioassay technique, based on insect mortality, to the determination of the vapor pressure of some pesticides. 148
Indirect Experimental Methods
These methods require calibration with compounds of known vapor pressure, measured with a suitable direct method. The preferred reference compounds are those which belong to the same class of the compounds under examination. The measurement of the relative loss rates of chemicals can be a means of estimating vapor pressures, provided the vapor pressure of one of the components is known. 149 One method is based on the principle that, with compounds insoluble in water, the vapor pressure of an immiscible phase is substantially unchanged by the presence of water. Thus, the vapor pressure of the insoluble compound can be calculated from the amount of water and compound volatilized after distillation of the aqueous suspension. On h · b . B where W is the weight of distillate, M the molecular weight, and P the vapor pressure. Other methods generally use simple experimental devices to measure the vapor pressure of a compound from its loss rate and the loss rate of a reference compound of known vapor pressure under the same experimental conditions.
The volatilization rate of a compound, k, is closely approximate to 151
k=cP(,jM),
where c is a constant determined by the air-flow characteristics for the system and P is the vapor pressure of the compound which has a molecular weight of M. The volatilizationrate, k, can be determined from the gradient of the linear regression of In W, where W is the weight of material remaining in the deposit, versus exposure time. The vapor pressures and volatilization rates of two chemicals under the same experimental condition,,-ar~ related ::1"-fo11ow,,- This equation can be used to estimate unknown vapor pressures by comparison of the rates of loss of the two chemicals.
The procedure is'very simple. 149 ,152,153 Aliquots of a so]ution of the test and reference compounds were evaporated on several watch glasses. After evaporation three glasses were removed for extraction and analysis and the remainder WCrt~ carefully transferred to the middle shelves of a temperature controlled laboratory oven (20 °C±0.5). The oven had il circulating fan with heating and cooling coils, and featured wide_ mesh shelves to assist free air circulation (air dHif)~r rate of 12 per hour). Three watch glasses were sckrlm1 nl random from the array at different periods and rCflHJV{;d t(J/ extraction and analysis by GC-ECD or by HPLC. 'riw from each of the three replicate watch glasses wen; HV~~.hui,~t'$d to give the he.~t e~tlmate of the amount of chcmit'lll· nmiJibl;
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ALESSANDRO DELLE SITE ing at the time of sampling: the coefficient of variation for the separate watch glasses was generally < 10%. The ratio of loss rates has been found to be relatively insensitive to changes in the solvent used to prepare the deposit, the deposit density, the purity of the chemicals in the deposit or the environmental conditions.
Other authors 51 used a slightly different procedure which allowed trapping of the vapor with polyurethan to further control the amount of compound initially present.
Ouckel et al. 12,154 employed a roughened glass measuring plate, on which the compound was deposited, attached to one arm of a highly accurate, self-recording electric balance in a fully thermoregulated case. The weight of the measuring plate was registered continuously by an electronic control. The flow rate of air could be fixed at any point between 0.2 and 300 / h - 1. Measurements could be made between + 15 0 C and + 80 0 C. The gradual reduction in weight of the compound at given temperature and air flow rate was registered automatically as a measure of the volatility of a substance.
The evaporation rates of 22 chemically pure substances, including pesticides, were determined at 20±0.1 °C and at :m air flow rate of :'iO± 1 / Ih. For the same suhstances, the vapor pressures at 20 ° C were gathered from the literature.
The relationship between vapor pressure, P, and evaporation rate, V, is of the type log P=a log V+ log b.
Plotting log P versus log V for the 22 substances, a straight line with gradient a was obtained.
This investigation has shown that the figures given in the literature for vapor pressures of dimethoate, chlorfenvinphos, malathion, and two alcohols should be revised. It also demonstrates a functional link between the evaporation rate and the temperature for each substance, expressed as log V= (-AIT)+ B.
(1)
The same technique has been employed 155 to measure the evaporation rates, in the temperature range 20 to 60 "C, of 19 substances, including pesticides, for which the vapor pressure equation was known from the literature. For each substance the constants A and B of Eg. (1) were determined by a linear regression calculation.
The vapor pressures and the evaporation rates were then calculated, using the vapor pressure equation and Eq. 
Chromatographic Methods
The gas chromatographic (GC) techniques are based (HI the concept that the retention times (volumes) of single COlli pounds are inversely correlated to their respective vap! II pressures.
. Herington 156 derived the fundamental equation relating rc tention time (volume) and vapor pressure log (t s2 It s1 ) = log (P I I P 2) + log ( Ylspl Y2sp) , (:21 where the indices 1 and 2 refer to component 1 and COmpl) nent 2; ts is the retention time; P is the saturation vapol pressure; Ysp is the activity coefficient in the stational') phase.
Equation (2) includes entropy effects of the retention related to the partition in the liquid phase. A minimization 01 these effects can be achieved using a non-polar stationary phase for which separation depends only upon vapor pressure differences. With this approach Eq. (2) becomes t s2 / ( s 1 = P 1 / P 2 .
Thus, from the knowledge of the vapor pressures of some reference compounds, it is possible to obtain the vapor pressures of test compounds at the same conditions. Di-n-butyl phthalate,157-159 octadecane and eicosane,157,160 p,p' _DDT, 160, 161 2, 4, isobutyl ester (2, 4, 162 have been used as reference compounds. Kim et al. 131 studied the effect of various variables, including the temperature range of measurement, the nature of the liquid phase in either packed or capillary columns, and the nature of the reference compound in the determination of the vapor pressures of pesticides. The agreement between the experimental vapor pressures determined by OS and those determined by GC is improved when the polarity of the GC reference compound approximates that of the test compounds.
The importance of the capillary columns in obtaining better resolutions has been stressed by Bidleman. 157 The vapor pressure of test compounds can be calculated hy the Hami1ton' s procedure,159 through the equation (3) which relates the vapor pressure of two substances at the same temperature. Indices 1 and 2 refer to the test compound and the reference compound respectively, and L is the enthalpy of vaporization. Both L I / L2 and the constant C can be obtained from the GC data using the relation
where V R is the retention volume. The values of In (V R) I I ( V R) 2 are reported as a function of In P 2 at various temperatures and the slope (1 -L 1 I L 2 ) and the intercept ( -C) are obtained by linear regression. These values are used to calculate, through Eq. (3), the vapor pressure of the test compound, PI' at the temperature of interest. This treatment of the data assumes that the ratio of the enthalpy of vaporization is constant in the range of temperature taken into consideration.
Hidleman 157 evaluated the accuracy ot a method based on capillary GC 159 to estimate the vapor pressure of non-polar solid compounds (24 organochlorines, PARs, and pesticides) by comparing vapor pressures measured by capillary GC with the literature values of the corresponding subcooled liquids. Two 1.0 m long fused silica columns were used, a poly(dimethylsiloxane) bonded phase column (BP-I) and a wall-coated open-tabular hydrocarbon phase column (Apolane-87). GC measurements were carried out by using octadecane and eicosane hydrocarbons as vapor pressure reference compounds. The author 10und, trom the data 01 the high melting compounds (anthracene and hexachlorobenzene) , that the vapor pressure detennined by GC (P gc) corresponds to the vapor pressure of the subcooled liquid (PI)' although the GC experiments were carried out at temperatures below the melting point. Systematic errors between P gcand PI were observed. On the BP-1 column, P gc was too low by a factor of 2.3 at P 1 = 10-1 mm Rg (13.3 Pa), and too high by a factor of 3.5 at p)= 10-7 mm Hg (1.33X 10-5 Pa). The Apolane-87 column showed more nearly ideal behavior. On this column, P gc underestimated PI by a factor of 1.9 at P 1 = 10-1 mm Hg (13.3 Pa), and the error decreased for lower PI' Corrections for these systematic errors were made by relating P gc to P J through regression equations of the type
where m and b are constants.
The GC method was applied to evaluate the vapor pressure of 30 PCB isomerids containing one to seven chlorines. The average PI decreased by a factor of 4.5 for each CI added to the biphenyl core. Mackay et ai. 2o found that the addition of a chlorine to the biphenyl reduces solubility and vapor pressure of a factor of about 3.
Bidleman 157 also found large differences in vapor pressure for isomers of a particular chlorination level. In particular, isomers with the greater number of "ortho" chlorines within each chlorinated level have the higher vapor pressures. This effect has been found by other authors 139 and is related to the fact that the retention times of the PCB isomers in gas chromatography increase when the number of "ortho" substituted chlorine decreases. 163,164 PCB congeners not containing a high degree of "ortho" chlorine substitution have the higher degree of planar conformation, show more biodedegradation,165 and are more toxicl66-168 compared to the non-planar PCBs having chlorine in "ortho" position. Hinckley et al. 160 determined, by capillary GC using the same BP-l column, vapor pressures of several test compounds, including organochlorines, phthalate esters, and pesticides. Organochlorines, P AHs, and pesticides as standard compounds, most of which already used in the previous work,157 were chromatographed along with two reference compounds (eicosane and p,p' -DDT). A plot of log PI VS log P gc was made to establish a correlation between measured and literature values, and this correlation was then used to compute PI of test compounds from their measured P gc . This method provides vapor pressures within a factor of 2 of average literatnre valnes for non-polar ~omponnds, well within the interlaboratory precision ot other techniques. GC tends to overestimate vapor pressures of moderately polar compounds.
Following thc prcvious works,157,160 the GC retention datu available for 32 PCB congeners were used to derive the parameters for calculating. saturation liquid-phase vapor pressures of other PCB congeners as-functions of temperature and ortho-chlorine substitution. 169 The parameters were slopes (mD and intercepts (b I ) of the equation
The slope for each of 32 PCB congeners was calculated from L I / L 2 , the ratio of the heats of vaporization of test (1) and standard (2) substances (mI= -L/2.303 R), from the knowledge of L2 (93.4 kJ mol-I for eicosane, 84.5 kJ mol-I for octadecane, and 88.9 kJ mol-l for p,p' -DDT) and b i was derived from values of PI at the experimental temperatures. I5 ?,160 The slopes varied regularly with homolog (number of total chlorines) and also with the number of ortho-chlorines. From this information, ml and b i values were estimated for 148 other PCBs whose vapor pressures were reported at only a fixed temperature. 139 ,170 The retention behavior in gas chromatography, for a homogeneous class of compounds having the same basic structure, can be interpreted exclusively from the substituents influence on molecular interactions.170-172 On this basis the retention data can be compared. Kovats l ?3 proposed an isothermal retention index, RI, for the homogeneous series of n-alkanes, defined with the following equation RI= 100 n+ lOOLlog ts(x)-log ts(n)J/Llog tsCn+ 1)
where n is the carbon number of n -alkane eluting before substance x and n + 1 is the carbon number of n-alkane eluting after substance x.
For homogeneous series of compounds, such as PCBS,I63,170,174,175 PAHs,l72 chlorinated dibenzo-p-dioxins 176 and dibenzofurans,171 the retention indices of the single compounds for each series has been deri ved.
Sissons and Welti l77 considered that the RI of a compound is directly proportional to its free energy of solution in a stationary phase, which in tum is an approximately additive function of the groups constituting the molecule. Consequently, any PCB molecule can be thought of as consisting of two chloro-substituted phenyl groups each with its own 1I2(Rl) value. All PCBs are composed of twenty such basic groups and the RI of any PCB can therefore be estimated by adding together the 1I2(Rl) values of the two component phenyl groups. Half-indices can be derived by taking half of the retention index for a PCB having the same number of chlorine atoms in the two rings or by subtracting half of the retention index for biphenyl from the retention index of a chlorinated biphenyl having only one ring substituted. Albro et al. I78 computed retention indices for all of the 210 possible chlorinated biphenyls on 13 gas chromato-graphi~ l1l]l1ici phR.Il~S hy ~lJmming p::lirs" Th~y fonnci thflt the retention indices derived from the rough additivity of 1!2(RI) values are within 0.03% of those observ~d for all PCBs. Caution should be exercised in applying the predicted retention indices to PCBs having more than three chlorine atoms in one ring and less than three in the other. However, this group is seldom, if ever, seen in environmental samples.
The experimental vapor pressure data for each compound in a series in the liquid state can be related to the retention indices through an equation of the form
where a and b are constants. Burkhard et al. 179 examined eleven methods to predict vapor pressures (Pa) of 15 PCBs at 25 DC. One of these methods correlated the Gibbs energy of vaporization (AvapG) with gas-liquid chromatographic retention indices.
The standard compounds used in this investigation were 15 PCB congeners with solid vapor pressures (P s) ranging from 10-8 to1 Pa. These literature values, accepted as being "correct," were converted to subcooled liquid (PI) values, using melting point (T m) anQ entropy of fusion data (AfusS), through the equation 180 In
where P 11 Psis termed fugacity ratio, R is the gas constant, and T is the measurement temperature.
. A fUSS was assumed to be constant for all compounds and equal to 13.1 (cal mol-1 K-1 ) or 54.8 (J mol-1 K-1 ), the average of 16 individual PCB values obtained by Miller et al. 181 The values of AvapG were calculated from these PI values through the relationship This equation was used to predict AvapG values. With these predicted values, vapor pressures were estimated by using the melting points of the literature. The authors have tinally reported a comparison between the vapor pressures obtained with this procedure and the literature experimental data ex-trapulal~d at 25 () C. The average error for all compounds is about 1.75, defined as the ratio of the predicted to experimental vapor pressures.
The same procedure was then adopted to predict the Henry's law constants of PCB congeners using the subcooled liquid vapor pressure data derived in this way and the pre- The same equations have been used to determine the vapor pressure of 134 PCBs found in five commercial Aroclor fluids. Vapor pressure estimates of the five fluids were calculated using individual PCB vapor pressures and Aroclor compositional information,183,184 assuming Raoult's law. Fischer et al. 170 determined vapor pressures at 25 DC for 133 individual PCB congeners as subcooled liquids, on the basis of GC retention indices obtained with two different methods. In the first method the retention indices were those obtained with n-alkyltrichloroacetates as reference homologues on a methyl-50% octyl polysiloxane phase (SB Octyl 50) with a single-stage linear temperature program. Using vapor pressure reference data for 20 individual PCB congeners in the subcooled-liquid state,185 the following correlation was obtained for the range of the di-to heptachlorobiphenyls -log P I = 3.689X 10-3 RI -5.712, r2= 0.998 .
. From this equation, PI (Pa) data for 133 congeners were calculated.
In the second method the retention indices were obtained on a methyl polysiloxane phase COV 101) at 150 DC and reference vapor pressure data taken from the n-alkanes of the retention index system. The first method should yield more accurate results.
Eitzer and Hites 161 determined the subcooled liquid vapor pressures of five PCDD and nine PCDF by the Hamilton'sl59 GC method. The reference compound was p,p' -DDT. The experimentally determined vapor pressures (mm Hg) at 25 DC were highly correlated to published GC retention indices of dioxins 176 and dibenzofurans,l71 through the following equation log P gc= (404-RI)/319, r2= 0.99. This equation allows the calculation of vapor pressures of all chlorinated dioxins and dibenzofurans; these predicted vapor pressures correlate with vapor pressures determined or predicted by other methods.
Subcooled liquid vapor pressures of the same class of _ compouJIds were also. determined with a similar procedure, using a temperature programmed DB-5 fused silica columns with mass spectrometry detector. 186
The average precision of the GC methods, expressed as relative standard deviation on repeated measurements, was 9%157 for 24 organochlorines and PAH, between 1.9 and 21 % for pesticides 131 and between 7 and 36% for PCBs. 162
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Prediction Methods
Vapor pressure data are often scarce for chemicals of environmental concern, especially for those with low vapor pressures « 1.0 Pa), due to analytical difficulties. 179 Also, chemical products are often mixtures of many compounds; the vapor pressure detenninations of each component in the mixture are difficult, when they are not available in pure fOim. The prediction methods in these cases may offer a valuable means to predict vapor pressures.
Some of these methods are derived from the Clapeyron-Clausius equation. Generally, they require infoimation regarding the critical temperature, the critical pressure, the enthalpy of vaporization, the vapor pressure at least at one reference temperature (normal or reduced boiling point) and, for the solids, also the melting point or the enthalpy of melting. 2 ,187 When the normal boiling point or the melting point are not available, they can be estimated from the structure of the compound. 187 Other theoretically based methods use correlation equations between vapor pressure and some topological indices derived from the chemical structure of the compounds.
These techniques show several difficulties when applied to low vapor pressure « 1.0 Pa) compounds which are solid at ambient temperature.
Clapeyron-Clausius Equation
The Clapeyron-Clausius equation in the general form is
where P is the vapor pressure, T is the absolute temperature, Ava/i is the enthalpy of vaporization, R is the gas constant and AZ is the compressibility factor given by
AZ=PA VIRT,
where A V is the volume increment in the vaporization of one mole of substance. AZ is dimensionless and has a value of 1 for an ideal gas; it can be ignored if the pressure is low and considering that the molar volume of the condensed phase is relatively small. The simplest equation obtained by integration Eq. (5) is (6) where A 1 and B 1 can be expressed in terms of the parameters in Eq. (5). Equation (6) is generally used for small ranges of temperature, where Ava/il AZ can be assumed constant.
More complex equations can be derived assuming an analytical form for the temperature dependence of Avarfi. Grain 187 proposes two methods for the evaluation of the vapor pressure of organic compounds. The first is based on the Antoine equation 188 which can be applied to the liquids and gases in the range of 10-3 -760 mm Hg (0.133-1.01 _ x 105 Pa); the second is based on the modified Watson correlation 189 and can be applied to liquids and solids in the range 10-7 --760 mm Hg (1.33X 10-5 -1.01 X 10 5 Pa). Both methods require as input data the experimentally determined or predicted normal boiling point (T b)' None is able to esti-fHctlt; vapur pressures beluw 10 mm Hg (1.33X 10 3 Pa) within a 10% deviation from the experimental data, however in many problems of environmental concern, as the evaluation of volatilizfltion of a chemical from an open spill, an order of magnitude is usually sufficient.
Method 1 (Antoine) is based on the equation
which, in the explicit form, yields
In P= [~vap,Jf(Tb -C2)2/(A~RT~)]
Tb (K) is the absolute boiling point; A~ is the compressibility factor at the boiling point (0.97); C 2 is a constant which can be estimated via Thomson's rule 61 (8) where Tpb=T1fb' Substituting Eq. (8) into bq. (5) and lUtegrating, the final result is In P vp~::::::[Avap,tlI/(At7RTb) ]{ [1] [2] [3] 
where ill depends upon the physical state at the temperature of interest. For all liquids m = 0.19. For solids the following values are recommended T p b> 0.6; m = 0.36, 0.6> Tpb>O.5; m=0.8, T pb <0.5; m= 1.19 .
The errors for method 1 have been evaluated to be 2.7% for vapor pressures between 10 and 760 mm Hg (1.33 X 10 3 and 1.01 X 10 5 Pa) and 87% between 10-3 and 10 mm Hg (0.133 and 1.33X 10 3 Pa). For method 2 they are 2.5%_and 39% respectively for the same previous ranges of vapor pressure and 47% between 10-7 and 10-3 mm Hg (1.33X 10-5 and 0.133 Pa).
Lyman 2 In p--(4.4+1n Tb) -0.803 In (T b IT)]-6. (10) where the symbols have the same meaning and units as above. The last term of Eq. (10) can be ignored for liquids (T m < T). The term 0.803 (K) is introduced to obtain the dependence of the heat of vaporization on the temperature. It has been found valuable for aliphatic and aromatic hydrocarbons and for aliphatic and aromatic halogenated compounds. The mean ratio between the values obtained with this method and the literature values, for 72 compounds (hydrocarbons and halocarbons) having vapor pressures between 10-5 and 1 atm (1.01 and 1.01 X lOS Pa), is 1.25. 11 Using the Watson-Gray equation 2 for the same test set of chemicals the average method error was about 20% for liquids and about 30% for solids. Below 10-5 atm (1.01 Pa) errors will rise rapidly and may, on average, be expected to exceed a factor of 10 near 10-8 atm (1.01 X 10-3 Pa). Burkhard et al. 179 report that this method is the best of the noncorrelative methods they tested with several PCBs.
Other authors 191 ,192 developed, on the basis of Eq. (.5), an accurate and thermodynamically sound equation for the estimation of vapor pressure of organic solids and liquids. This (11) Equation (11) describes the vapor pressure in terms of T, T m' T b' and only two molecular descriptors, 0", the rotational symmetry number and cp, the conformational flexibility number of the molecule. It was shown to successfully estimate the vapor pressures of a large number of organic compounds.
Estimation of Vapor Pressure Using Indices of Molecular Structure
One of the most important approaches in estimating a large number of properties, e.g., water solubility, octanol-wal~r parlitioll coefficient, vapor pressure, Henry's law constant, etc. is represented by the methods of the fragment constants. These methods assume that each property of a compound is the sum of contributions of single atoms or group of atoms (fragments) or structural factors (e.g., type of bond).
The method of fragment contribution to evaluate the octanol-water partition coefficient of many organic compounds has been highly developed . 193 ,194 Fragment constants for over 160 atoms or fragments have been derived together with several structural factors (type of bond, branching, rings. chain length. halogenation, etc.). The log of the prop erty is calculated from the contribution of the fragment vat ues and of the structural factors.
On this basis the linear free-energy relationship (LFER I model has been proposed assuming that the effect of su b stituents on the interactions drug-receptor is an additive com bination of the hydrophobic,-electronic, steric and dispersiVl' factors. The same concept has been applied to the relationships between the octanol-water partition coefficient and the solubility of organic compounds. 195
Several investigations have reported development of pre-dictors, related to molecular topology, which require only the knowledge of the chemical structure and therefore are particularly suitable for new chemical products, when only the chemical structure is known. They can be accurately calculated and account for. the structural differences between chemicals. Methods based on quantitative structure-activity relationshIps (QSARs) have been extensively used in the field of pharmacology to evaluate some biological effects (enzyme induction, biodegradation, toxicity, etc.) through correlations with topological indices. 196 Only recently QSARs have been used in predicting also parameters of environmental interest (solubility, Henry's law constant, partition coefficients, etc.): for these investigations they have been referred to sometimes as quantitative structure-property relationships (QSPRs). Molecular surface area and molecular connectivity indices (MCI) belong to this class of predictors. Molecular connectivity indices, 197, 198 X,  are derived from the assignment of a numerical adjacency value to each atom other than hydrogen in the molecular skeleton. This value corresponds to the bond number or the valence of each atom. Four classes of bonding are identified: paths, chains, clusters, and path-clusters. Different orders are assigned to each class. The molecular connectivity index can be calculated by summing the negative square roots of the product of the atom valences relative to each group of adjacent atoms in the molecule. Burkhard et al. 199 developed QSPRs for a test family consisting of n-alkanes (methane to pentacontane), biphenyls and all PCB congeners, with new variables obtained from a principal (;ompunelll analysis of the Mel. These new variables have similar meaning for all the compounds and reflect physical characteristics of the molecule.
The same authors 179 used eleven methods to predict vapor pressures at 25°C for 15 PCBs with known experimental values. Two methods were correlative based on Mel, the molecular topological indices of Kier and Hall. 197 The final regression equation for the first method is log P=2. r 2 =0.953,  where P is the saturation vapor pressure (Pa) (for the standard state at the temperature of interest) and NPI0 is the number of paths of order 10 MCL The second method is an extension of the previous MCl approach. 199 The predictive equation is log P= -6.792-2.649(PCAl), r 2 =0.910, where peAl is the first principal component variable.
The mean values of the ratios of the predicted to experimental vapor pressures are 2.53 and 4.44 for th~, two methods respectively. According to the authors, this study demonstrated that the variables derived from the MCls employed in the second method have a better physical meaning over the MCls used by the first method but have less specificity for each compound.
In an attempt to correlate the vapor pressure of PCBs with their molecular structure, Rouvray and Tatong 2OO used a number of topological indices 201 at two temperaturcs, 25 and 100°C. Included in this study were the Wiener index, W, the Balaban distance sum connectivity index, J, several of the Randic molecular, connectivity indices, X, and the chlorine number, nel' They used the vapor pressures of 15 different PCBs at 25 DC, the same reported in the work by Burkhard et al. 179 The vapor pressures of 10 PCBs at 100°C were compiled by means of interpolation and extrapolation from a variety of sources. The best relationship obtained for the 15 PCBs between the vapor pressure (Pa) at 25 ° C and the several different topological indices was In P=8.73+ 1.21 6 Xpc -0.08W, r=0.9787.
For the data set of the 10PCBs with vapor pressures (Pa) at 100°C, the best regression equation was In p= 14.23"-2.20 3 Xp , r=0.9787.
Stepwise regression analysis on the data set of 15 PCBs having vapor pressures (Pa) determined at 25°C, yielded as the best regression equation
In P= -20.70-0.06W+ 11.48J, r=0.9768. The main conclusions of the study are that (n the vapor pressures of PCBs correlate very well with topological indices; (ii) the vapor pressures of PCBs at 25°C and 100 DC are also highly correlated; and (iii) different indices need to be employed to obtain the best correlation at each of the two temperatures.
The relationships between the logarithms of subcooled vapor pressure (P ,) and Henry's law constant (H) for PCB congeners with planar total surface area (TSA) have been investigated. 202 Linear regression of log PI (Pa) for the literature data 114 ,140,157;179 against planar TSA (A or 10-20 m 2 ) gives a significant linear relationship expressed by log P 1 = -4.88X 10-2 planar TSA+9. 40, r=0.962. From this equation vapor pressures of sufficient reliability for use in environmental modeling were derived for all congeners.
The "group surface area~' approach has been developed by Amidon and Anik;203 it has been used to estimate the_ Gibbs energy changes for the following processes: (i) pure (supercooled) liquid to aqueous solution; (ii) pure (supercooled) liquid to gas; (iii) gas to aqueous solution. The vapor pressures at 298 K of some alkyl aromatic hydrocarbons are calculated from the free energy changes of process Oi).
QSPR models have been developed to accurately calculate the congener-specific aqueous solubilities and Henry's law constants of many PCBs. 204 From the predicted values of the two parameter~. the vapor pressures can be estimated. Kamlet et al. 205 proposed the linear solvation energy relationship (LSER) model to estimate the toxicity of various compounds. This model has been applied to the estimation of the solubility and of other properties. It uses linear combinations of three free energy contributions of the cavity term, the dipolar term, and the hydrogen bonding term.
Bm,lcljee et al. 206 found that vapor pJ-cssure (111111 Hg) of 53 compounds could be correlated with the Kamlet's solvatochromic parameters through the empirical relationship log P= 7.82-7.29 
where VI is the molecular volume, 1T* is a measure of solute dipolarity/polarizability and mp is the melting point in 0 C. This equation implicitly assumes that the entropy of vaporization is constant. The melting point term is an entropy-offusion correction which allows both liquids and solids to be covered by the same equation. Liquids are assigned a melting point of 25 ° C to remove the last term from the equation.
The UNIFACapproach,2°7,208 which offers access to a wider range of structures, was also attempted by the same authors. 206 For the UNIFAC based equation, solute selfassociation in the liquid phase is modeled by calculating the interaction of the solute with a reference matrix of methyl groups. It was applied to a wide range of compounds with different chemical characteristics and vapor pressures ranging over 12 orders of magnitude. They obtained the following correlation for' 118 compounds
where VtJ is related to log 'Ye. The activity coefficient, 'Y, of a component is expressed as
Y=YCYR'
where Yc (the combinatorial), represents size/shape differences between the component and its environment, and YR (the residual) reflects interactive effects.
Dunnivant and Elzerman l35 reported that currently available QSPRsare ineffective for predicting solubilities, Henry's law constant and vapor pressures, when compared to experimentally determined results, while an empirical data fitting approach based on coefficients related to chlorine substitution patterns appears promising.
In a more recent paper Dunnivant et al. 204 developed QSPR models which accurately calculate the congenerspecjfic aqueous solubilities (S) and Henry's law constants (H) of polychlorinated biphenyls. The Sand H data can be used to derive the vapor pressure values of the same PCB congeners. 169 , Rordorf 11I ,121,209 measured the vapor pressures at several temperatures of ten chlorinated dibenzo-p-dioxins and of ten chlorinated benzenes by a gas saturation method. He found linear dependencies of the log P values on the chlorine sub-'stitution number for fixed temperatures. Corresponding correlations for the enthalpies and entropies of sublimation allowed the estimation of the vapor pressure curve of 2, 3, 7, 8-tetrachloro-dibenzo-p-dioxin. The same determinations of vapor pressure were then used as data base to predict thermal properties of dioxins and furans 210 and vapor pressures, boiling points and enthalpies of fusion of several halogenated dioxins. 211 The correlation method uses the liquids as reference states. Boiling points and enthalpies of fusion were deduced for the measured compounds and were correlated with the degree of halogenation. The two correlations were used to predict boiling points and enthalpies of fusion for related dioxins of known melting points, and these values served as starting point for the vapor pressure predictions. Other thermal properties, such as molar heat capacities of the gaseous and the liquid phases, enthalpies and entropies of evaporation, of sublimation and of fusion were also estimated for the investigated halogenated dibenzo-p-dioxins. This work has been extended to other halogenated dioxins and furans. 212 ,213 Similar correlations for solubility, octanol-water partition coefficient, vapor pressure, and Henry's law constants of polychlorinated dioxins give predictions of the first two parameters within a factor of 2 for most of congeners, while the last two parameters can be predicted within a factor of 5. 214 The vapor pressure data experimentally obtained by Rordorf for ten dioxins and referred to subcooled liquids tend to fall by a factor of 8 per chlorine added. 214
Analysis of the Data and Comments
The vapor pressure data, interpolated or extrapolated at ambient temperature (Tables 1-5), were collected together with the vapor pressure equations and with the enthalpy of sublimation or vaporization in the temperature range of measurement. All the data were converted to common units, vapor pressures to Pa and enthalpy values to kJ mOll.
The vapor pressure equations were those reported in the original papers, but, sometimes, were derived from the literature experimental data.
When the range of temperature measurement was above the melting point and too far from the ambient temperature, only the vapor pressure equation was given. because the extrapolation at ambient temperature could not be considered reliable. The range of temperature measurement in gas chromatography was that corresponding to the column temperature. For prediction methods, only the temperature at which the prediction was made has been indicated.
The values of vapor pressure obtained for the sub cooled liquids have been converted to those of the corresponding solids for ease of comparison,. using the already mentioned Eq. (4). dfusS was assumed to be equal to 54.8 J mol-l K-1 for the PCB congeners, as calculated from the experimentally determined values by Miller et al., 181 AfusSIR, a value of approximately 6.59 was taken in the firsi case and 6.79 in the second.
More accurate values of P s could be obtained using actual dfusS'S, when available, relative to each compound. 160 The data of Tables 1-3 and 5 have been examined with :1 simple statistical analysis, choosing the data set containing :1 minimum number of four values for a single compound. The results are reported in Tables 6 and 7. The data of Table 4 , regarding chlorinated dioxins and furans, have not been taken into consideration, because of the lack of values available for each compound. However, the reproducibility or these values seems satisfactory. Table 6 shows an analysis of the data obtained with direct experimental methods for some P AHs, biphenyl, some pesticiues, anu uibutyl phthalate. It gives Lhe ratiu between the maximum and the minimum value, the average, the standard deviation, and the relative standard deviation for each compound. Often, the number of data obtained with each experimental method is not sufficient to calculate the respective averages. However, when possible, individual sets have been examined, separately. Also, the data obtained with different methods have been combined and averaged. Thus, Table 6 offers the chance of some general remarks:
(1) The max/min ratio of the values obtained by effusion (E) and gas saturation (GS) is sometimes greater than ten, indicating that differences of an order of magnitude are possible also with these methods. Sometimes (DDT and dibutyl phthalate) these differences depend on single values, that have a large effect on the average.
(2) No significant differences between averages for each compound are observed, on the basis of the Student's to.os test on the available data sets. Moreover, the RSDs, corresponding to individual or combined sets, are substantially constant for each compound. These results suggest that the data sets for each compound can be treated as belonging to the same statistical population.
(3) The uncertainty in the vapor pressure measurements increases as vapor pressure decreases. A quantitative evaluation of this trend may be obtained by linear regression of log RSD against log P av' for the combined E, GS sets at 25 0 C of the compounds reported in Table 6 . It gives the following equation: log RSD= -0.146 log Pav+ 1.511, with r2=0.586.
Naphthalene shows a good reproducibility of the data obtained by E and GS, with a difference within 7% of the average values relative to these two methods. When the data obtained with other methods are included, the differences among the global average (28 values) and those relative to E and qs are 2.6% and 4.1 % respectively. As a matter of fact naphthalene has been proposed as reference material for evaluation of methods for measurement of low vapor pressures. 70 ,104 Sinke 104 recommended a value of 0.0820 Torr (10.9 Pa) for the vapor pressure of naphthalene at 298.15 K; this value is very close to the average of data obtained by E and different of about 3% from the global Gas chromatography (GC) is the most important indirect method. Unfortunately only for the PCB congeners (Table 2) a statistical analysis of the available data is possible. Table 7 shows that the maximin ratio for all compounds is less than 5, indicating a high precision of the method. Unfortunately the accuracy of these average values cannot be evaluated by comparison with those obtained by direct experimental methods, due to the lack of these data in Table 2. 2.5 aDeviation factor is calculated from the ratio of the average obtained with direct experimental methods to single values. When this ratio is less than 1, its negative reciprocal is reported. Values of deviation factor are the maximum found for each compound. bAverage of the experimental values reported in Tables 1-3 and 5 and not included in Table 6. However a comparison is possible between single OC values of Tables 1-3 and 5 and the averages of Table 6 . The maximum deviations, calculated as the ratio between the averages and the single GC values, are :shuwn ill Table 8 . The range of the values obtained is generally less than one order of magnitude, sometimes better than the deviations shown by single values ohtained hy other experimental methods.
It has been observed that GC has several advantages over the other techniques for determining vapor pressures: speed, tolerance to relatively impure compounds, the ability to determine vapor pressures of several compounds simultaneously, and small sample size requirements. 162 For all these reasons this method can be recommended as one of the most suitable for the determination of the vapor pressure of low volatility compounds.
A similar analysis has been carried out with the data obtained by relative volatilization rate (RV) and prediction (Pr) methods ( Table 8 ).
The results of the RV indicate that the maximum deviatiori is about 18, but more data would be necessary for a better evaluation 01' this method.
Pr methods also give satisfactory results (Table 8) , with deviations of a maximum value of 5.5 for PARs, biphenyl, 10-8 _10 4 10-4 -10 2 10-1 -10 5 10-1 _10 5 10-2 _10 3 10-8 _10 1 10-5 _10-1 and dibutyl phthalate. However, the values of vapor pressure for pesticides, obtained with the methods based on Clapeyron-Clausius equation using the Antoine (method 1) or Watson-Grain (method 2) approximations (Sec. 3.1), can deviate from the average of the data obtained with direct t;xperimental methods of factors greater than ten.
Finally, Table 9 shows a general view of the literature information concerning the vapor pressure ranges, where the measurements with the most important methods were carried out.
The direct experimental methods can cover a very wide range of vapor pressure. OS is the most suitable for measuring very low vapor pressure at ambient temperature. E shows a more restricted range of vapor pressure. The other methods can measure only high vapor pressures.
Among the indirect methods, OC has been employed for the determination of very low vapor pressures in different experimental conditions, such as type and dimensions of the column, nature of the stationary phase, temperature of the column and injector.
The RV method has given good results in measuring low vapor pressure down to 10-5 Pa at ambient temperature.
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